Denisova 8 is a fragmentary of molar found in August 2010 in Denisova cave, Square G4, subsquares V or G at the limit of layer 11.4 and Layer 12. It has been reassembled from four fragments, which fit together well, but slight cracks remain between the fragments. On the mesial surface an about 7x4.3x5 mm (bl x md x height) chip of enamel is missing, and the root is broken off just below the cervix.
humans and archaic humans. An early Homo mandible, Omo 175-14a&b exhibits unilateral M 3 agenesis (8) , and it also occurs in Homo erectus, such as Dmanisi D2735 (unilateral M 3 agenesis (9)) and Lantian (bilateral M 3 agenesis (10)). Yunxian EV9002 from the Late Middle Pleistocene of Hubei province (China) shows a strongly reduced, peg-like M 3 on the left and a small M 3 on the right that did not erupt despite the fully adult age of the individual (11) , while the Penghu 1 mandible from the Taiwan strait exhibits agenesis of the right M 3 . Finally, the holotype of Homo floresiensis, LB-1 probably had a strongly reduced left M 3 , while the right M 3 was congenitally absent. No cases of M 3 agenesis have been described in Neandertals and Homo heidelbergensis. In summary, the relatively unusual morphology of Denisova 8, with several accessory cusps and the absence of a distal interproximal facet makes its identification as an M 3 more likely in our view, but we acknowledge the alternative possibility that it is an M 2 with a still unerupted or absent M 3 .
The crown is a rounded pentagon in shape, with five major cusps. The largest cusp is the protocone, followed by the metacone, paracone, hypocone (ASUDAS grade 4, (12) ) and cusp 5. The lingual surface of the protocone shows no evidence of a Carabelli's cusp. The enamel on the mesial surface and in the area of the mesial marginal ridge is damaged, but at the enamel-dental junction (EDJ), a marked mesial marginal ridge is visible, which was likely also apparent on the enamel surface. A protoconule (accessory cusp on lingual part of the mesial marginal ridge) was probably also present, as there is a slight sulcus just distal of the enamel break line that probably delimited an accessory tubercle, and on the enamel dentine junction a small cuspule is apparent in the mesiolingual corner of the crown. The protocone and metacone are connected by a wide Crista obliqua, which on the EDJ is uninterrupted and was likely continuous on the enamel surface, though somewhat obscured by the wear.
A large cusp 5 (ASUDAS grade 5), comparable in size to the hypocone, is situated at the distal end of the crown, connected by a marked distal marginal ridge to the mesiolingual aspect of the hypocone. A relatively large accessory cusp is visible on the distal marginal ridge near the fissure separating the hypocone and cusp 5, delimited bilaterally by marked grooves descending onto the distal surface. The buccal and lingual sides are relatively vertical, while the distobuccal aspect is somewhat bulging.
The previously described Denisovan molar, Denisova 4, a right M 2/3 is characterized by its large size, flaring buccal and lingual sides, strong distal tapering and massive and strongly diverging roots (13) . Due to preservation, not all of these characteristics can be assessed in Denisova 8; but it is clear that it lacks the strong flare of the lingual and buccal surfaces and distal tapering seen in Denisova 4. The crown of Denisova 8 also seems lower and with straighter sides, although this has probably been exaggerated by the stronger wear. Figure S1c,d ; Suppl. Table 1 ). Based on its large size it is likely that the M 3 was the largest of the molars.
Two Late Pleistocene specimens are comparably large in size, the M 3 s of the early Upper Paleolithic modern human Oase 2 and the M 2/3 of Obi-Rakhmat 1 (14, 15) . Oase 2 does not show large extra cusps, but instead strong crenulation (16) . Obi-Rakhmat shows a large extra cusp, but mesially, not distally (Main text, Figure 1 ), and a large number of accessory cusps possibly due to gemination (17) .
Comparative morphology of Denisova 8 (identified as an M 3 )
M 3 s are in general very variable, and thus morphologically not very diagnostic. Neandertal M 3 s differ from Denisova 8 in that they frequently show a reduction or absence of the hypocone, reduction of the metacone and generally lack a continuous Crista obliqua (15, 18) . Similarly, in the M 3 s of Sima de los Huesos and other Middle Pleistocene European samples we also see a reduction of the hypocone and metacone and lack of a Crista obliqua, as well as no expression of a cusp 5 (18) .
In South-East Asian Homo erectus, M 3 s are also in general reduced, with small hypocones and metacones, and frequently interrupted Cristae obliquae ((19) , own observations). Despite the crown reduction, these specimens frequently have massive and flaring roots (20, 21) , similar to those seen in Denisova 4.
Early modern humans and recent modern humans show the most morphological variability in the M 3 , and here we can find some specimens that show large hypocones, metacones or continuous Cristae obliquae (18) .
The combination of unreduced metacone and hypocone, continuous Crista obliqua, a large cusp 5, and a very large size is something that is not present in any of these samples, and more reminiscent of earlier Homo, but Denisova lacks the multiple distal accessory cusps frequently seen in early Homo and Australopithecines.
Comparative morphology of Denisova 8 (identified as an M 2 )
Neandertal and European Middle Pleistocene M 2 s are usually rhomboid or nearly rectangular, with medium sized metacones. The hypocones are usually smaller than in M 1 s, while in the Atapuerca SH sample they are frequently reduced (18) . The majority of both Neandertal and Middle Pleistocene European M 2 s show continuous cristae obliquae, and small and medium sized Cusp 5s are frequent (18, 22) . Denisova 8 is differentiated from these groups by the presence of a large metacone, hypocone and very large Cusp 5 extending the crown distally.
In East Asian Homo erectus and Middle Pleistocene Homo the M 2 is frequently trapezoid, with the crown tapering distally, and the hypocone is somewhat reduced when compared with early Homo and African Homo erectus (19, 21, 23) . Similar distal tapering is also present in some African Middle Pleistocene specimens, for example Kabwe 1. The crista obliqua in East Asian Homo erectus (especially Zhoukoudian) is frequently non-continuous, just like in Dmanisi and earlier hominins, and the Cusp 5, if present, is usually small (19, 21, 24) . Denisova 8 lacks distal tapering and the large Cusp 5 is a feature not found in Homo erectus or Asian Middle Pleistocene populations.
In recent humans the hypocone is frequently reduced on the M 2 , but this reduction is less frequent in fossil modern humans (25) . Similarly, a continuous oblique crista is usually absent in recent humans, but often present in Upper Palaeolithic and Early anatomically modern humans (18) . Strong expressions of Cusp 5 are rare in all modern humans, Denisova 4, as described previously ((13), SI. p. 183) is quite similar in its distal tapering to the morphology seen in the M 2 s of some Middle Pleistocene Homo, but is differentiated from them by its lingually skewed hypocone and metacone, and the large talon basin (features which are more similar to the Neandertal condition), as well as its massive and flaring roots. Denisova 8 on the other hand shows few similarities to any group, mostly due to its unusually large cusp five. Until the recovery of more complete Denisovan material, their morphological affinities remain unclear. 
Section 2: DNA Extraction, library preparation and sequencing.
Thirty six millligrams (mg) of dentin were removed from the inside of the enamel cusp of Denisova 8 using a dentistry drill and used to produce 100 microliters (µL) of extract as described (41) . From 1/20 th of this extract, as well as from 1/10 th of a previous 100µL extract made from 40mg of Denisova 4 (13), we produced Illumina libraries, using a single-stranded library preparation protocol that maximizes the yield of sequences from ancient DNA (42) . The libraries were treated with E. coli Uracil DNA Glycosylase (UDG) and endonuclease VIII to remove uracils (U) (43) . UDG does not effectively excise terminal Us (42) . The Denisova 4 library (L9234, see Suppl. Table S2) The concentrations of L9234 and B1113 were measured by qPCR. L9234 from Denisova 4 was split into two equal parts and used as template for an indexing PCR using two distinct indexing primers per library. The indexing PCR was performed using AccuPrime Pfx DNA polymerase (Life Technologies) and purified with the MinElute purification system as described (42) . The purified and indexed libraries were each eluted in 30µL of EB (Qiagin MinElute Kit) to produce L9243 and L9250.
An indexing PCR was also performed on B1113 from Denisova 8 as described above except that all of B1113 was used in one indexing reaction to produce L9108.
To produce larger amounts of amplified library for the mtDNA enrichment, 5µL of L9243 from For shotgun sequencing, the two libraries from Denisova 4, L9243 and L9250 (see Table S2 ),
were amplified with Herculase II Fusion. Molecules with insert sizes between 35 and 450 bp were isolated using gel electrophoresis as described to produce L9349 and L9350 (42) . L9108 from 
Section 3: Sequence processing and mapping
Ibis v1.1.6 (46) was used for base calling and sequence processing was carried out as described (47) .
Briefly, after base-calling, reads were demultiplexed allowing a single mismatch in the indexes;
Illumina adapters were identified and removed, and overlapping read-pairs merged when the overlap was at least 11 bp. For all sequences, the following basic filters were applied:
• Sequences with more than 5 bases with base qualities less than 15 (phred score) were removed • Sequences having a base with a quality less than 10 (phred score) in the index reads were 
Section 4: Ancient DNA Authenticity
We used four methods to estimate present-day human contamination in Denisova 4 and 8.
(i) MtDNA contamination. We identified 183 and 174 "diagnostic positions" in Denisova 4 and We then re-aligned all captured sequences from the two molars to the human mtDNA reference sequence (51) using BWA version 0.5.10 (50) with relaxed parameters (-n 0.01, -o 2, -l 16500). This allows modern human mtDNA fragments that differ from the Denisovan mtDNA to be identified.
Fragments carrying present-day human variants at the diagnostic sites were counted as contaminants, while fragments carrying consensus variants were counted as endogenous. 95% confidence intervals were calculated using a Wilson score interval. We estimated the mtDNA contamination of Denisova 4 to 5.2% (95% CI: 4.5-6.0%) of Denisova 8 to 3.2% (95% CI: 2.9-3.6%).
The shotgun sequences were aligned to the human mtDNA reference sequence as described above, and, using the same diagnostic positions as above, mtDNA contamination estimated for the shotgun data. The shotgun data gave an mtDNA contamination estimate of 4.9% (95% CI: 4.2-5.8%)
for Denisova 4 and 4.0% (95% CI: 3.5-4.6%) for Denisova 8.
(ii) Nuclear DNA contamination. To estimate present-day human contamination in the nuclear sequence data, we calculated the divergences of two French individuals to each other as well as two Sardinian individuals to each other (see Figure 3A for explanation of divergence calculation) and used these divergences as a hypothetical contamination of 100% (c, Suppl. Figure S2 ). Similarly, we used the divergence of the Denisova 3 phalanx sequences to the four Europeans as a proxy for 0% contamination (a, Suppl. Figure S2 ). We then calculated the divergence of Denisova 4 and Denisova 8 to the French and Sardinians using sequences that had not been filtered for a terminal C to T change (b, Suppl. Figure   S2 ). The percent contamination in the Denisova 4 and Denisova 8 sequences were then calculated as . Table S4 ). Figure S2 ). e. Percent contamination, calculated e.g. (divergence of Den3 to Fr1 -divergence of Den8 to Fr1) / (divergence of Den3 to Fr1 -divergence of Fr2 to Fr1)*100. In this case this would be (a-b)/(a-c)*100 in Figure S2 . (iii) C to T substitutions: To determine whether different populations of molecules that differ in their extent of cytosine deamination-induced C to T substitutions occur in the libraries, we calculated the apparent C to T substitution rate at the 5'-and 3'-ends of DNA fragments. We then calculated the 5' C to T rate of fragments that have a 3' C to T and vice versa. Since deamination-induced misincorporations are rare in modern DNA that contaminates ancient DNA preparations (52, 53) , it is unlikely that such DNA fragments carry C to T changes on both ends. In contrast, DNA molecules that carry a C to T change at one end are likely to be ancient and the C to T rate at the other end of such molecules can thus be taken to approximate the deamination rate in ancient, endogenous molecules (under the assumption that deamination at the two ends of molecules is independent). By comparing the C to T rates of all sequences to those that carry C to T at one end we can thus gauge if two or more populations of molecules that differ in their rates of deamination occur in the libraries and thus if contamination may exist in a library. 95% CIs were calculated using Wilson score intervals. Although this approach may be affected by factors that we do not fully understand, it yields contamination estimates for . Table S5 ). Figure S3 . Nucleotide differences to the human reference genome as a function of distance from fragment ends. Differences are given as percent of a base in the reference genome that occurs as a different base in the sequenced DNA fragments. C to T differences are largely due to deamination of cytosine residues in ancient DNA fragments. Libraries were treated with E.coli uracil DNA glycosylase, which is not efficient at the first, the last and second to last bases.
(iv) Sexing and female DNA contamination: For sex determination, we used sequences that passed the filters described in Section 3 have a minimum map quality of 37 (phred scale).
We identified regions on the sex chromosomes that are >500 bps long and pass the mappability We then determined the number of fragments that actually fall within these regions using either (i) all fragments or (ii) only those that carry putative deamination-induced C to T substitutions. We determined if the observed and expected numbers are significantly different from the male expectation using a Chi-square test (chisq.test) in the R package 3.1.0 (55) . For the X-chromosomal fragments carrying C to T substitutions, we also determined if there is a significant difference under the female expectation. Both Denisova 4 and 8 are more likely to come from males than from females. See Suppl. were aligned using the software MAFFT v6.708b (58, 59) . Pairwise mtDNA differences among the seven Neandertals and three Denisovans were calculated using MEGA 6.06 (60) (Suppl . Table S7 ). In addition, the three Denisovan mtDNAs were aligned with 311 modern human mtDNAs and the pairwise differences among these individuals were calculated.
To estimate phylogenetic relationships, Modeltest 3.7 (61) was used to identify an appropriate substitution model (GTR+G+I ) and MrBayes 3.2 (62, 63) was run with default MCMC parameters for 5,000,000 generations, sampling every 1,000 generations, using a burn-in of 1,000,000 generations. The 4,000 resulting trees were combined to a consensus using TreeAnnotator v1.6.2 from the BEAST package (64) (Figure 2A) .
A tree including the partial mtDNA sequence of a hominid from Sima de los Huesos, Spain (KF683087.1) (65) was estimated as above (Suppl. Figure S5 ). 16 23 Vi33. 25 21 (Table S7 ).
Watterson's estimator θw. θw was calculated for the three Denisovan individuals and the seven Neandertal, 31 Europeans (Italians, Germans, Spanish, Saami, English, Dutch, Finnish and French) and 311 present-day humans (including the Europeans) (Table S8 ). θw was calculated as follows: K/a n /16,595, where K is the number of segregating sites, and a n is . The numbers of segregating sites were ascertained using DNA Sequence Polymorphism (DnaSP) version 5.10.01 (66). Bayesian dating. We estimated the age of the two molars and the divergence times between the three Denisovans, five radiocarbon-dated Neandertals (18), ten radiocarbon-dated ancient modern humans (67) and the five present-day humans used for tree estimations (Fig. 2) using BEAST v1.6.2. The age of Denisova 3 date was set to either 50,000 years or 100,000 years as in ref. (54) . A strict as well as a relaxed uncorrelated lognormal molecular clock was used with a normally distributed substitution rate prior of 2.67 x 10 -8 per site per year (67) (standard deviation 1.0
x 10 -8 ), a Bayesian skyline coalescent tree prior with a uniform population size prior of 1,000 to 1,000,000 individuals, and a TN93 substitution model (68) . MCMC runs were carried out for 100,000,000 generations, sampling every 10,000 generations, with a burn-in of 10,000,000
generations. As expected, the relaxed clock is a better fit to the data and was used for the estimates presented in Table S9 . For high-coverage genomes, the following filters were used:
• mappability filter that retains all positions where all possible overlapping 35-mers do not have match elsewhere in the genome allowing for one mismatch (54) • Root mean square of the map quality >= 30
• Coverage cut-off of 2.5% on each side of the coverage distribution; corrected for GC content for the Denisova 3 and the Altai Neandertal (54) Divergence Estimates. We estimate the divergence for Denisova 4 and Denisova 8 to ten present-day humans (French -HGDP00521, Sardinian -HGDP00665, Han -HGDP00778, Dai -HGDP01307, Papuan -HGDP00542, Australian -SS6004477, Dinka -DNK02, Mbuti -HGDP0456, Yoruba -HGDP00927, San -HGDP01029) (42, 54) ), the high-coverage Denisova 3 genome (42) and the highcoverage Altai Neandertal genome (54) . The variant call format (VCF) files for the present-day humans as well as the Denisova 3 and the Altai Neandertal were filtered as stated above.
Divergences between low-coverage and high-coverage genomes are estimated as the percentages of substitutions from the human-chimp ancestor to high-coverage genomes that occurred after the split of the low-coverage genomes from high-coverage genomes (see Figure 3A ). Ancestral states for the human-chimpanzee ancestor was taken from the 6-way primate EPO alignments from Ensembl version 69 (genome-wide alignments of human, chimpanzee, gorilla, orangutan, macaque, marmoset) (69, 70) and substitutions were parsimoniously assigned to one of the three lineages.
Random alleles were picked at heterozygous sites in the high-coverage genomes while for the lowcoverage Denisovan molars a random fragment was picket to represent each site analyzed. Standard errors for the divergence estimates (Suppl. (54) . We excluded regions with a coverage higher than 2-fold for Feldhofer 1, 3-fold for the Vindija Neandertals and 4-fold for the Mezmaiskaya 1 Neandertal. We removed putative deamination-induced C to T substitutions at first and last two positions of the fragments from the Mezmaiskaya 1 Neandertal, as a double-stranded library preparation method and E. coli UDG was used, which does not remove uracils efficiently at these positions. For the other low-coverage Neandertals, which were not UDG treated, we removed putative deamination-induced C to T substitutions at the first and last five bases. We calculated the divergence of these six low-coverage Neandertals to the Altai Neandertal along with a 95% CI as above (Suppl .   Table S13 ). To see if the amount of data determined from Denisova 8 is enough to detect the excess sharing of derived alleles with the Altai relative to the Mezmaiskaya 1 previously described (42) , we restrict the analysis to positions in the Denisova 3 genome covered by the Denisova 8 fragments and failed to detect the extra sharing (Suppl . Table S15 ). As expected from this, we fail to detect any excess sharing of derived alleles between Denisova 8 and the Altai genome (Suppl . Table S15 ) when we restricted the analysis to transversions in order to avoid aberrant results due to errors in the low-coverage Mezmaiskaya 1 genome (not shown). a. 'A' refers to an ancestral state and 'D' refers to a derived state. Thus, this column shows the number of sites where populations 1 and 2 share the ancestral allele with population 4 (Ancestral), and population 3 (Derived) has a derived state. b. The Z-score is the difference between the D-statistics using all data and the mean of the same statistics for bootstrap replicates divided by the standard deviation for those replicates.
